The centrality dependence of pseudorapidity density of charged particles (dN ch /dη) in Cu + Cu (Au + Au) collisions at RHIC energy of √ s NN = 22.4 , 62.4 and 200 (19.6, 62.4 and 200) GeV, is investigated within an improved HIJING code. The standard HIJING model is enhanced by a prescription for collective nucleon-nucleon (N N ) interactions and more modern parton distribution functions. The collective N N -interactions are used to induce both cascade and nucleon shadowing effects. We find collective cascade broadens the pseudorapidity distributions in the tails (at |η| > y beam ) above 25 − 30% collision centrality to be consistent with the dN ch /dη data at √ s NN = 19.6, 22.4, 62.4 GeV. The overall contribution of nucleon shadowing is shown to depress the whole shape of dN ch /dη in the primary interaction region (at |η| < y beam ) for semiperipheral (20 − 25 %) and peripheral (≥ 35 − 40%) Cu + Cu (Au + Au) interactions at √ s NN = 200 GeV, in accordance with the PHOBOS data.
I. INTRODUCTION
The primary nucleon-nucleon (N N ) interaction is the basic component for all microscopic transport models of light/heavy ion collisions [1] [2] [3] [4] [5] [6] [7] [8] . Due to the stopping mechanisms of initial N N -interactions, quark/gluon strings (soft scatterings) and new state of matter comprising of strongly interacting quarks and gluons (hard scatterings) could emerge at Relativistic Heavy Ion Collider (RHIC) energies. It has been observed that [9, 10] at the partonic level, the parton distribution functions (PDFs) in a primary interacting nucleon are subject to significant nuclear effects (so-called parton shadowing). A number of phenomenological approaches are thus developed to address the nuclear modification of PDFs which span a wide region of Bjorken x [1, [11] [12] [13] [14] .
HIJING [1] is a microscopic hadronic model which treats N N -collision as a two component geometrical model of hard (with minijet production) and soft interactions. The hard component is characterized by a transverse momentum (p T ) larger than a cutoff scale (p 0 ) and is evaluated by perturbative QCD (pQCD) using the parton distribution function (PDF) in a nucleon. The soft interactions (p T < p 0 ) (non-pQCD) are modeled by the formation and fragmentation of quark-gluon strings. For proton-nucleus (p + A) and nucleus-nucleus (A + B) collisions, HIJING implements an eikonal formalism to determine the probability of collision, elastic or inelastic, and the number of jets produced in each binary N Ncollision. In addition, HIJING takes into account both parton shadowing and jet quenching, which are shown to influence the flux of partons and, in turn, the description of initial particle production.
Although HIJING is mainly designed to explore nuclear medium effects that may occur in RHIC and LHC energy light/heavy ion collisions [1, 2] , it does not take * khelwagd@yahoo.com.
into account the interactions of the primary nucleons with the dense nuclear medium (in short, nucleon shadowing), and the energy loss they suffer before applying shadowing on the partonic structure of the nucleon. The missing systematic inclusion of nucleon shadowing and the associated cascade effects should affect the relative contribution of initial particle production with centrality in light/heavy ion collisions.
Recently [15, 16] , we have presented a model for p + A and A + B collisions at LHC energies based on the available HIJING1.383 model with an updated modern sets of PDFs [17] . The main improvement in this model is implementing the collective cascade in a nucleus to get the nuclear modifications of nucleons (nucleon shadowing). This improved HIJING model (in short, ImHI-JING/Cas) successfully reproduces the measured pseudorapidity density of charged particles (dN ch /dη) in p + P b collisions at √ s NN = 5.02 TeV. The largest nucleon shadowing effect is found to be contained in the pseudorapidity region of 3 < η lab < 4 [15] . As for P b + P b collisions at √ s NN = 2.76 TeV, the model is shown to depress the pseudorapidity density at central rapidity, independent of the collision centrality, while enhancing the charged particles at large pseudorapidity (|η| > 8) [16] . However, in the previous analysis [15, 16] a single parameter set was used, in the collective cascade model, to reproduce the measured dN ch /dη at mid-pseudorapidity region for both p + P b and P b + P b collisions at LHC energy, and no constraints of the model parameters from pure soft N N processes were given.
In this paper and in light of PHOBOS data at RHIC [18] , we explore different parameters of the collective cascade model that are important for a proper description of the whole shape of dN ch /dη at different centrality bins. After having constrained the model parameters from Au + Au collisions at the lowest RHIC energy ( √ s NN = 19.6 GeV) we shall study nucleon shadowing and the associated cascade effects in Au + Au(Cu + Cu) collisions at higher RHIC energies. Unlike our previous studies [15, 16] 
II. DESCRIPTION OF THE MODEL
Our calculations are based on the ImHIJING/Cas model presented in Refs. [15, 16] . Here we will concentrate on those points which are important for understanding the results discussed in Sec. III.
The ImHIJING/Cas is a hybrid model which combines the available HIJING 1.383 code [1] with more modern parton distribution functions [17] and a collective cascade recipe [19, 20] . In ImHIJING/Cas, nucleons taking part in the primary interactions (see Fig.1 ) suffer both parton and nucleon shadowing effects.ImHIJING/Cas determines nucleon shadowing of the primary interacting nucleons of the projectile (A) and target (B) nuclei at a given impact parameter, while both the radial and mass number dependent parton shadowing are adopted from standard HIJING [1] . The collective cascade recipe is used to calculate both nucleon shadowing and cascading in A + B collisions.
As described by the Reggeon theory inspired model [19, 20] , nucleon shadowing arises due to simultaneous interactions of a primary nucleon with other non-interacting nucleons from the target/projectile, see Fig.1b . In p + A and A + B collisions, the probability to involve the i th non-interacting (secondary) nucleon by the j th primary interacting nucleon, at a distance r ij , is taken as
where r 0 = 1.2 fm is the mean interaction radius and
is the transverse distance of the interacting nucleon pair (i and j),b x(y) and x i(j) , y i(j) are the components of the impact parameter vector and the coordinates of the pair measured from their own nucleus. The parameter C determines the strength of nucleon shadowing and the associated cascade effects. If the number of newly involved nucleons is not zero, then such a nucleon can involve another secondary nucleon and so on, see Fig.1b . The eikonal formalism, as implemented in HIJING [1] , is used to determine the primary interacting nucleons of the projectile (A) and target (B) nuclei at a given impact parameter.
The energy/momentum is shared between the primary and accompanying secondary nucleons. To take this into account, we ascribe to each wounded (primary or secondary) nucleon a transverse momentum distribution according to the law
)dp T i (2) where N A(B) is the number of wounded nucleons from the projectile/target.
The fractional momentum of the wounded nucleon is chosen as
with a mean µ = 1/N A(B) and a width given by [21, 22] 
The energy-momentum conservation between the primary and accompanying secondary nucleons is satisfied as follows.
and
where
j=1 (E j − q zj ). Here E i (E j ) and p zi (q zj ) are the initial energy and longitudinal momentum of the i th (j th ) wounded nucleon. The corresponding total energy and momentum are given by
j=1 q zj ), respectively. The final momenta of the i th and j th wounded nucleons are given by
where m
, and m i (µ j ) is the mass of the i th (j th ) secondary interacting nucleon from A(B).
Thus, nucleons taking part in the primary interactions suffer energy loss due to cascading with other noninteracting ones, and the remaining energy is used to produce jets or excited strings according to the HIJING model. It should be noted that, the energy-momentum conservation of primary interacting nucleons is satisfied in HI-JING. The energy and momentum carried away by jets in hard collisions is subtracted from that of nucleons, only the leftover energy-momentum of the nucleon is available for soft interactions. The energy-momentum exchange between nucleons in the soft collision also satisfies conservation laws.
In order to calculate the effective jet cross section (σ eff jet ) in A + B collisions, we have to calculate the parton shadowing (α A (r i )) at the radial position of the nucleon (r i ) measured from its own nucleus center, with r i = x 2 i + y 2 i . In this work, the HIJING 2.0 parameterization of parton shadowing is adopted [2] 
where R A = 1.2A 1/3 is the nuclear radius. Here s q(g) is a single unknown parameter of the model that should be fixed from comparison to the measured data of the centrality dependence of charged particle pseudorapidity density in A + B collisions.
As a result of parton shadowing, the effective jet cross section, e.g., between two nucleons i and j in A + B collisions, σ eff jet , is calculated by multiplying the jet cross section (σ
are the parton distribution function and the mass number dependent shadowing factor. Thus the hard hadron production, which is associated with σ eff jet , becomes affected by the radial distance, r i(j) , of the nucleon with respect to its own nucleus.
In previous studies of p + P b and P b + P b collisions at LHC energy [15, 16] , a single set of parameters (< p 2 T >= 0.5 (GeV/c) 2 , γ = 0.5, C = 1) was used in the collective cascade model to reproduce the measured dN ch /dη at mid-pseudorapidity. In the present study of heavy ion collisions at RHIC energies, we vary the values of these parameters to fit the measured data. As shown below, a reasonable description of the measured dN ch /dη in the high-η tail regions (at |η| > y beam ) is achieved if different collective cascade strengths (C = 0.25 − 0.5) are used. Also, an explicit impact parameter dependence of the width
is assumed to take into account the impact parameter dependence of nucleon shadowing. In Eq.(11) the centrality c is related to the impact parameter by the empirical formula c = πb 2 /σ in [23] 
According to Eq.(12) the width increases rapidly as the centrality increases and approaches nearly a plateau at c > 0.55, with γ ≈ 0.1 − 0.2 and 0.6 for central (c = 0 − 10%) and peripheral (> 50−60%) collisions, respectively; see Fig.2 . As one can see in Fig.3 , the data could not be described by assuming only a constant width of γ = 0.5 (dashed lines). On the other hand, the introduction of γ(c) (solid lines) in ImHIJING/Cas increases the level of dN ch /dη in central (0 − 10%) interactions, independent of the colliding system, and results in a better agreement with the data. This implies that x ± i(j) (c) leads to larger fractional momentum of the i th (j th ) wounded nucleon in central than peripheral collisions, as it should be. Constrained by the model calculations of dN ch /dη per centrality class for Au + Au collisions at the lowest RHIC energy ( √ s NN = 19.6 GeV) we will then be able to discuss possible nucleon shadowing effects in A + B collisions at different RHIC energies.
In the numerical calculations, the ImHIJING/Cas is running in two modes, the cascade mode with different strengths C of nucleon shadowing and the one that does not include nucleon shadowing (C = 0). In both modes, the shadowing on PDFs are implemented, Eq.(10), for the studied reactions at √ s NN ≥ 62.4 GeV. Thus, the differences observed in the final results of ImHIJING/Cas are regarded as evidence of nucleon shadowing effects at RHIC. Note that, in all calculations, the default HI-JING1.383 parameters are selected and no adjustments are attempted.
III. RESULTS AND DISCUSSION
In this section we present the predictions of the ImHI-JING/Cas code along with the recent measurements of PHOBOS (for 0−55% event centralities) results on pseudorapidity distributions of charged particles emitted in heavy ion collisions over a wide energy range. The PHO-BOS data cover Cu + Cu collisions at N N center of mass energy, √ s NN , of 22. At midpseudorapidity region, a change of the pseudorapidity density distribution appears, depending on both the centrality and collision energy. The change is from a Gaussian to a double Gaussian shape, due to Jacobian. In addition, two components exist for all of the spectra: one is a smooth fall-off below beam rapidity, y beam , the other is a large high-η tail above y beam . The smooth fall-off pseudorapidity region increases in range with collision energy. The charged particle production in both the mid-and smooth fall-off pseudorapidity regions is strongly dominated by primary interacting nucleons. Whereas the tails, developed as one moves towards peripheral collisions and lower collision energies, are attributable to charged particles emitted from the spectator regions of projectile/target. Below, we investigate nucleon shadowing and the associated cascade effects on the three components of dN ch /dη by employing ImHIJING/Cas. Because dN ch /dη are measured in minimum bias, we generate 10 4 events for each centrality bin. We use for the different centrality classes the range of impact parameter based on PHOBOS results. The derived b-range for all studied reactions are listed in Tables  I and II of the Appendix. Before going any further, it is worthwhile to study the centrality dependence of both primary and accompanying secondary interacting nucleons for Cu + Cu and Au + Au collisions at √ s NN = 200 GeV, see Fig.4 . The ImHI-JING/Cas calculations show three distinct interaction regions: (i) For impact parameters of b < 2.99(4.19)fm, which corresponds to 0 − 10% most central collisions, the ratio of primary to secondary nucleons is ∼ 11(∼ 62) for Cu + Cu (Au + Au) collisions; (ii) At 20 − 30% centrality, which corresponds to 4.59 < b < 5.59 (6.39 < b < 7.99) for Cu + Cu (Au + Au) collisions, the primary and secondary nucleons are found in roughly equal proportions; (iii) In peripheral Cu + Cu (Au + Au) collisions at 6.19 < b < 7.59 (8.59 < b < 10.39) fm, which corresponds to 35 − 50% centrality, the primary to secondary ratio is ∼ 0.5. Fig.4 also indicate that at 40 − 50% centrality, which corresponds to 6.59 < b < 7.59(9.39 < b < 10.39) for Cu + Cu (Au + Au) collisions, the ImHIJING/Cas calculations with C = 0.25 cause a significant reduction of secondary interacting nucleons by ∼ 45% relative to the C = 0.5 case. The importance of including the collective cascade model at the lowest RHIC energy is demonstrated in Fig.5 for central (6 − 10%) and peripheral (35 − 40%) Au + Au collisions. Because jet production is expected to be negligible at this energy, calculations with zero parton shadowing, s q(g) = 0, are selected. Solid and shortdashed lines show the ImHIJING/Cas calculations with C = 0.5 and C = 0, respectively. As one can see, the short-dashed lines tend to be higher than the experimental data in the mid-pseudorapidity region at peripheral (≥ 35 − 40%) collisions. In contrast, the solid lines more closely reproduce experimental data in this region. In other words, adoption of γ(c) and C = 0.5 in the model calculations are both necessary in order to reproduce the mid-pseudorapidity region. We also note that the cascade effects of the model (solid lines) lead to the broadening of the distributions at large pseudorapidity |η| > y beam as the centrality decreases, in good agreement with the data.
In Figs.6-7 we study the effect of the strength of cascading on dN ch /dη for the reactions under study at the lower RHIC energies. As one can see the strength of cascade effects is shown to be more pronounced in the projectile/target spectator regions, |η| > y beam , as expected. In particular, the variant with C = 0.5 (thick lines) leads to a broadening of the dN ch /dη at y beam < |η| < y beam +1 compared with C = 0.25 (thin lines) for collision centrality starting from 30−35%; see Figs. 6h-6j and Figs. 7j-7l. We also notice that changing the cascade strength from C = 0.5 to C = 0.25 allows us to describe the dN ch /dη in peripheral (> 30 − 35%) Au + Au interactions at the lowest RHIC energy. The decreasing strength of cascade going from light to heavy ion collisions implies a mass number dependence. It has also been shown in Ref. [22] that C depends on both the mass number and beam rapidity.
It should be noted that, the detailed comparisons of the model calculations with the charged particle yield data at (|η| − y beam ) > 1 are not shown in Figs.6h-6j and 7j-7l, since both the Fermi motion and nuclear excitation/de-excitation mechanisms are disregarded in ImHIJING/Cas.
From this study of the centrality dependence of dN ch /dη emitted at different collision centralities, for Au + Au and Cu + Cu collisions at the lower RHIC energies, 19.6 GeV and 22.4 GeV, respectively, one can conclude that the ImHIJING/Cas has a valid basis for further extrapolations in energy.
At higher collision energy ( √ s NN ≥ 62.4 GeV) the collective cascade model is not expected to fit the measured centrality dependence of dN ch /dη at mid-pseudorapidity, systematically. This is because, in addition to soft interactions, new physics associated with jet production starts to play an important role and is expected to lead to new nuclear dependence of the charged particle production. In particular, charged particles produced in such hard scatterings are created in primary collisions and are centered in a narrow region around mid-pseudorapidity, especially for the 0 − 10% most central collisions, see Figs. 8a-8c. The main two parameters which affect jet production in high energy heavy ion collisions are jet quenching and parton shadowing. The jet quenching parameter, the value of jet energy loss, dE/dx, is determined within HIJING1.383 using the same procedure as proposed in Ref. [16] ; by studying final state interactions during P b + P b collisions at √ s NN = 2.76 TeV. We find that (not shown here) increasing final state interactions, by turning on jet quenching (dE/dx > 0), results in an increase of the level of dN ch /dη at mid-pseudorapidity; see Fig.3 of Ref. [16] . Only when the value of dE/dx is the same as the one for jet production, p 0 , final state interactions lead to a reproduction of the (double) Gaussian shape of dN ch /dη at mid-pseudorapidity for the reactions under study.
The value of parton shadowing parameter, s q(g) , also affects the dN ch /dη yield at mid-pseudorapidity. In high energy heavy ion collisions, depending on nuclear size, energy and centrality, the low-momentum parton distribution in a nucleon embedded in a nucleus is modified compared to a free nucleon (parton shadowing). Using the studied RHIC data, we find that s q(g) , which fits the measured centrality dependence of dN ch /dη at mid- [2, 24] . However, it is comparable to the maximum value of s q(g) = 0.1 that obtained by the experimental data on deep inelastic scattering off nuclear targets [25] . In contrast to HIJING2.0 (AMPT), our estimated s q(g) values do not overlap between RHIC energy ranges, indicating a stronger constraint of s q(g) .
Let us now focus on the role of nucleon shadowing on dN ch /dη for central Cu + Cu(Au + Au) collisions at √ s NN ≥ 62.4 GeV. This is illustrated in Figs.8a-8c and 9, by comparing the model calculations with and without nucleon shadowing along with the measured data. The ImHIJING/Cas calculations are performed using cascade strengths of C = 0.5 (solid lines) and 0 (short-dashed lines). As one can see, there is no difference between the ImHIJING/Cas results, both can describe the mid and smooth fall-off pseudorapidity regions. Such behavior can be related to the difference in energy/momentum: less secondary nucleons are emitted in the 0 − 3% most central collisions with fractional momenta (x ± i(j) (c)) nearly equal to the primary ones (see Figs.4) .
In fact, the largest nucleon shadowing effects are ob- It is interesting to notice that at √ s NN = 62.4 GeV (Figs.8d-8f) , there is almost no difference between the calculations with and without nucleon shadowing at the mid-pseudorapidity region for c = 35−50% . This implies that the threshold of nucleon shadowing effect takes place in Cu + Cu(Au + Au) collisions at √ s NN = 62.4 GeV.
IV. SUMMARY AND CONCLUSIONS
We studied the effects of nucleon shadowing on charged particle pseudorapidity density (dN ch /dη) at different collision centrality (from 0 − 3% to 50 − 55%) in Cu + Cu and Au + Au collisions over the wide energy range of √ s NN = 19.6 − 200 GeV. For this purpose we use HI-JING model, with MSTW2009 parton distribution functions determined from global analysis of hard scattering, and a collective cascade recipe for nucleon shadowing effects. The impacts of these effects on the charged particle spectra for the studied reactions are investigated and the following conclusions can be drawn:
1. The introduction of an impact parameter dependence of the fractional momentum of wounded nucleons into the collective cascade recipe leads to the production of dN ch /dη at mid-pseudorapidity for Au + Au collisions at the lowest RHIC energy of √ s NN = 19.6 GeV.
2. The updated collective cascade model induces both cascade and nucleon shadowing effects. GeV, in accordance with the measured PHOBOS data.
4. The nucleon shadowing effects are pronounced only at √ s NN = 200 GeV, and found to have an impact-parameter dependence to be consistent with dN ch /dη data.
5. In contrast to parton shadowing, the nucleon shadowing effects are shown to be lower in central collisions and highest in mid-central and peripheral collisions for the reactions under study at √ s NN = 200
GeV.
6. The introduction of nucleon shadowing and its associated cascade effects in HIJING calculations leads to the reproduction of the whole shape of the measured dN ch /dη for all studied interactions and centralities.
Thus, the present comparisons with PHOBOS data suggest a better agreement with ImHIJING/Cas code. However, the model calculations are narrower than the data at √ s NN = 200 GeV. This may imply that a more advanced hadron production model for string fragmentation and/or final state interactions should be implemented in ImHIJING/Cas code. This will be further investigated in our future publications. 
